Introduction
============

Equine dysautonomia or "grass sickness" (EGS) is a distressing and usually fatal disease of equids of uncertain etiology (Collier et al., [@B12]). Symptoms include damage to the autonomic nervous system and lowered gastrointestinal motility, which in acute cases results in total ileus (Pirie, [@B64]). Histopathologically the disease is characterized by lesions in neurones of the autonomic and enteric nervous system (Cottrell et al., [@B14]; McCarthy et al., [@B43]; Hudson et al., [@B34]; Hilbe et al., [@B31]; Milne et al., [@B48]).

Equine grass sickness was first identified early in the 20th Century, following an outbreak amongst army horses stationed in NE Scotland (Tocher, [@B76]), and the following losses in the area were so severe, it is reputed to have accelerated the introduction of tractors (Milne and McGorum, [@B47]). EGS is most prevalent in Great Britain, although it has also been diagnosed across Northern Europe, and isolated cases have been reported from Australia and the Falkland Islands (Pirie, [@B64]). An apparently identical disease (known as "*mal seco*") is recognized in Patagonia and Southern Chile (Uzal et al., [@B79]; Uzal and Robles, [@B78]; Pirie, [@B64]).

Epidemiological evidence from the United Kingdom indicates that EGS is a non-contagious disease (Gilmour and Jolly, [@B28]), but linked to certain sites (Wood et al., [@B85]; McCarthy et al., [@B42]; Newton et al., [@B54]). It is seasonal (with most cases occurring between April and July); and likely to be caused by an unknown constituent in the horses' diet and/or environment (Wood et al., [@B85]; Newton et al., [@B54]; French et al., [@B24]). As the name suggests, EGS is strongly associated with pasture, although there have been rare cases of the disease occurring in entirely stable-kept horses (McCarthy et al., [@B43]).

Increasing evidence suggests that the widely distributed bacterium *Clostridium botulinum* may be involved in EGS (Hunter et al., [@B36]; Poxton et al., [@B66]; Böhnel et al., [@B5]; McCarthy et al., [@B42]; Nunn et al., [@B56]) and microbiological studies have shown that anaerobic bacteria levels cultured from fecal and ileal samples were 10- to 100-fold greater in EGS cases as compared to controls (Garrett et al., [@B26]). It has been hypothesized that EGS is a toxico-infectious condition similar to infant botulism in humans, which may explain the different clinical and histopathological features of EGS and classic botulism in the horse (Hunter et al., [@B36]; Wood and McGorum, [@B84]; Collier et al., [@B12]; Böhnel et al., [@B5]; Newton et al., [@B54]).

A multi-factorial etiology has also been proposed (McCarthy et al., [@B43], [@B42]), whereby one or more factors, either dietary (Hunter et al., [@B36]) or environmental (French et al., [@B24]), are likely to predispose the animals to opportunistic infection by bacteria, particularly clostridial bacteria, *C. botulinum* (Hunter et al., [@B36]; Poxton et al., [@B66]; Böhnel et al., [@B5]; McCarthy et al., [@B42]; Nunn et al., [@B56]) and *C. perfringens* (Ochoa et al., [@B58]; Ochoa and de Valendia, [@B57]), which have both been associated with EGS.

Over recent years, in complex diseases scientists have adopted an approach called causal networks, or causal modeling, based on statistical evidence of composite mechanisms of multiple interactions of potential hazards or risk factors, with various dynamic features of the host and any pathogens involved, to describe disease occurrence (Thagard, [@B75]). These networks often arise from the inability to explain disease onset, or experimentally reproduce disease outbreak, with a single etiological agent. So while there is strong evidence for the role of a *C. botulinum*-like organism, the disease has not been reproduced by experimental challenges with this agent alone. Similarly, epidemiological studies have consistently associated disease outbreaks with particular pastures and in certain seasons, co-grazing animals may be unaffected, and adjacent pastures may never harbor an outbreak. It is clear that a network of potential causes and mechanisms for EGS is needed -- and that this network would include pathogen and host characteristics, features of the environment, and management practices.

A causal network can be used to identify possible intervention points to develop a strategy for controlling, and potentially curing the disease. However, a complete network can only be developed with statistical evidence of each of the potential hazards, risk factors, as well as the various dynamic features of the host and any pathogens involved. In this study we aim to supplement the current body of research investigating clinical and epidemiological aspects of EGS (for examples see Wood et al., [@B85]; Cottrell et al., [@B14]; McCarthy et al., [@B43], [@B42]; French et al., [@B24]; Pirie, [@B64]), with statistical data regarding hazards that could potentially explain some of the geographical and seasonal features of the disease, namely potential toxins that could contaminate the soil, forage, and other elements of the horses' diet.

The pasture association of EGS have led many to propose a potential role for toxins in the development of the disease (Tocher et al., [@B77]; Pool, [@B65]; Collier et al., [@B12]; Newton et al., [@B54]). Possible pasture based toxins include those originating from plants (e.g., ranunculin), soil (e.g., heavy metals), and microbes (e.g., cyanobacteria). Among the cyanobacteria (also known as blue-green algae), there are some that produce highly toxic secondary metabolites, the cyanotoxins, including the hepatotoxins nodularin and microcystin (MC, Codd et al., [@B11]) one of the most frequently found toxins in fresh water bodies (Chorus and Batram, [@B10]). A possible link between avian botulism and cyanobacterial blooms was investigated by Murphy et al. ([@B50]), who proposed that the cyanotoxins MC and anatoxin-A put stress on the birds, thus making an outbreak of botulism more probable. Since strains of *C. botulinum* type C are responsible for large outbreaks of botulism in wild birds (Rocke, [@B69]), and have also been associated with EGS cases (Hunter et al., [@B36]), it was considered that an investigation into the potential link between EGS and cyanobacteria was warranted.

We hypothesized that herbage and soils from EGS outbreak sites contain statistically significant differences in the levels of toxins compared to herbage and soils from control sites, thereby providing a basis predicting which potential risk factors for the development of EGS in susceptible horses would be of particular importance.

Materials and Methods
=====================

Sampling
--------

Obviously, the study required a responsive mode of sampling, and in order to achieve this, the project was advertised in specialized media, and via informal networks of horse owners. Sites were predominantly privately owned fields that were part of small-holdings or farms, but also included livery yards, a trekking center, and a horse rescue center. Horse/pony and pasture managers/owners were interviewed from each site and a questionnaire was used to record both case and site information, including pasture management practices. Anonymity of owners was assured. Data were held in a secure relational database at the School of Pharmacy, University of London, developed specifically to store information collected from EGS and control sites.

Between March 2007 and September 2008, twenty-three sites where there had been confirmed cases of EGS (in total representing \>90 acute, sub-acute, or chronic cases), and 11 control sites, where, as far as was known, no EGS cases had ever occurred, were sampled throughout Great Britain from NE Scotland to the South coast in West Sussex. EGS sites were visited as soon as practically possible following contact from owners, so that length of time between cases occurring and investigation was minimized. Due to the necessarily responsive nature of this study, in practice this varied from a few days to a maximum of 3 years. Sites where the last EGS case had occurred \>3 years before were excluded from the study. The number of cases that had occurred on an EGS site varied from 1 to over 20 (Table [1](#T1){ref-type="table"}).

###### 

**Site, number of cases and date of sample collection**.

  Site         Premise type                 No. of cases   Date last case collected   Date samples and sampling   Interval between last case
  ------------ ---------------------------- -------------- -------------------------- --------------------------- ----------------------------
  EGS 1        Livery yard                  3              30/11/2005                 26/04/2007                  1 year 4 months 27 days
  EGS 2        Farm paddock                 2              23/04/2007                 09/05/2007                  16 days
  EGS 3        Private field                1              07/04/2007                 15/05/2007                  38 days/1 month 8 days
  EGS 4        Farm paddock                 1              04/04/2007                 15/05/2007                  41 days/1 month 11 days
  EGS 5        Private estate               2              01/05/2005                 16/05/2007                  2 years 15 days
  EGS 6        Private estate               \>10           14/03/2006                 17/05/2007                  1 year 2 months 3 days
  EGS 7        Pony farm (breeder)          \>20           01/06/2004                 17/05/2007                  2 years 11 months 16 days
  EGS 8        Private field                2              12/03/2007                 18/05/2007                  67 days/2 months 6 days
  EGS 9        Livery stable                5              19/05/2007                 25/05/2007                  6 days
  EGS 10       Horse rest home              4              22/05/2007                 05/06/2007                  14 days
  EGS 11       Private field                1              23/04/2007                 12/06/2007                  50 days/1 month 20 days
  EGS 12       Equestrian/trekking center   5              24/05/2007                 25/06/2007                  32 days/1 month 1 day
  EGS 13       Farm paddock                 2              01/05/2005                 26/06/2007                  2 years 1 month 25 days
  EGS 14       Private field                3              03/07/2007                 16/07/2007                  13 days
  EGS 15       Livery yard                  4              09/07/2007                 30/07/2007                  21 days
  EGS 16       Livery yard                  8              13/08/2007                 20/08/2007                  7 days
  EGS 17       Private field                8              04/04/2007                 22/08/2007                  140 days/4 months 18 days
  EGS 18       Private field                2              02/12/2007                 13/12/2007                  11 days
  EGS 19       Private field                2              10/12/2007                 29/01/2008                  50 days/1 month 19 days
  EGS 20       Private field                2              08/05/2008                 15/05/2008                  7 days
  EGS 21       Stud farm                    1              06/05/2008                 19/05/2008                  13 days
  EGS 22       Private field                1              11/05/2007                 28/07/2008                  1 year 2 months 17 days
  EGS 23       Private field                1              17/07/2008                 28/07/2008                  11 days
  CONTROL 1    Stud farm                                                              05/06/2008                  
  CONTROL 2    Private field                                                          11/06/2008                  
  CONTROL 3    Private field                                                          08/07/2008                  
  CONTROL 4    Farm                                                                   15/07/2008                  
  CONTROL 5    Equestrian center                                                      23/07/2008                  
  CONTROL 6    Equestrian/trekking center                                             23/07/2008                  
  CONTROL 7    Farm paddock                                                           28/07/2008                  
  CONTROL 8    Farm paddock                                                           28/07/2008                  
  CONTROL 9    Private field                                                          29/08/2008                  
  CONTROL 10   Equestrian/trekking center                                             03/09/2008                  
  CONTROL 11   Equestrian/trekking center                                             03/09/2008                  

At each EGS site, a botanical survey was undertaken, using various publications (including Hubbard, [@B33]; Stace, [@B73]; Rose, [@B70]) to confirm identification of species *in situ*. In some cases, where full identification was uncertain, voucher specimens were collected for identification later in the herbarium.

One to three soil samples of between 500 g and 1 kg (taken from the top layer, just beneath herbage, c. 0--15 cm depth) were collected from each site (both EGS and control sites), at random intervals along a "W" shape. One to three herbage samples of between 300 and 500 g were also collected at random intervals along a "W" shape from paddocks where the equines with EGS had grazed, and from control sites. *Ranunculus* spp. (buttercups) were consistently found growing (usually in abundance) at each EGS site, and as these plants are known to contain a toxic, pro-inflammatory compound, voucher specimens and samples were collected for analysis. Where buttercups were found growing in control sites, these were also collected for comparison. Samples (both soil and plant) were placed in re-sealable freezer bags, clearly labeled, and held in cool boxes during transit to the laboratory, where they were then weighed and stored in freezers at −20°C.

Water samples were obtained between April 2007 and January 2008 from 16 different sites in England, Scotland, and Wales where confirmed EGS cases had occurred. Samples were collected from troughs, streams, and puddles where EGS horses/ponies were known to have drunk from (see **Additional File 1** in Supplementary Material for details). They were collected in 100 and 250 ml sterile glass bottle containers that were lowered into the water, filled, brought up again and closed. The samples were transported in iceboxes equipped with ice packs. After arriving at the laboratory they were frozen at −20°C and stored until the investigation. A control sample was collected from a pond carrying visible phytoplankton on the water surface at the London Equestrian Centre on the 28th November 2007. No case of EGS has been reported from there.

Analysis of soil and herbage samples
------------------------------------

Soil and herbage samples were sent to NRM Laboratories for metal and non-metal element analysis. Where more than one soil or herbage sample bag existed for a site, these were put together and treated as just one soil or herbage sample for analysis. Samples were digested in Aqua Regia by microwave digestion, using a documented in-house method, based on recommended protocols from the microwave instrument manufacturer (CEM Instruments, USA). Diluted Aqua Regia extracts were analyzed for mercury using documented in-house atomic fluorescence method, based on recommended protocols supplied by the instrument manufacturer (PS Analytical Ltd, UK); and for other elements (Al, As, Cd, Cr, Cu, Fe, Mo, Ni, Pb, P, K, Mg, Ca, Mn, B) using a documented in-house ICP-OES method based on recommended protocols from the instrument manufacturer (Perkin Elmer LAS Ltd, UK). The following were analyzed using an in-house method based on MAFF RB427 (Ministry of Agriculture, Fisheries and Food, [@B49]):pH, available magnesium, available potassium, available phosphorus, mineral nitrogen, nitrate, and ammonia. Sample analyses of total nitrogen and sulfur were undertaken using a documented in-house Dumas method, based on recommended protocols from the instrument manufacturer (Thermo Fisher Scientific, USA). DTPA extraction for iron was undertaken using an in-house method based on Liang and Karamanos ([@B39]).

### Statistical analysis of soil and herbage content

The two sample *t*-test assuming non-equal variances was undertaken using Microsoft Excel, looking at soil and herbage metal and non-metal element levels, to test the null hypothesis that both EGS and control sites come from the same population. An alternative non-parametric statistical method was also employed, namely the Mann--Whitney *U* test, using SPSS statistical software, since it does not assume a normal distribution and is therefore much less likely than the *t*-test to give spuriously significant results due to one or two outliers (i.e., a type I error). The confidence level was set at 95% with *p* \< 0.05.

Analysis of water samples
-------------------------

### Microscopic investigations

To immobilize the water samples, 100 μl of each sample was applied to an objective slide, frozen at −70°C and freeze-dried. With the addition of 1% glycerol solution, a permanent sample was obtained. The samples were covered with a cover glass. The slides were then investigated at 40× and 100× magnification with an ordinary light microscope. The samples were examined for any cells that could possibly be algae or cyanobacteria, and the detected structures described. Structures were classified according to the forms of the cells as: unicellular or multicellular, filamentous or round shaped, round to elongate; mucilage, pigment accumulation.

Cellular findings were investigated further by using a green filter to detect fluorescence. As reference, slides with *Anabaena* and *Synechocystis 6803* were prepared and compared to the water samples concerning size, color, and shape.

### Methods for measuring microcystin

*Enzyme-linked immunosorbent assay test*. The enzyme-linked immunosorbent assay (ELISA) Test ("Congener-Independent Immunoassay", Alexis Biochemicals^®^) detects MC and nodularin in an indirect manner. The kit was developed to fit the demands of a routine analytical program for raw and drinking water. The test principle is based on an indirect competitive reaction of antibodies against the amino-acid ADDA-substructure of MCs (MC-LR, -RR, -YR, -LW, -LF, 3-desmethyl-MC-LR, 3-desmethyl-MC-RR), and nodularins. The detection limits are between 0.02 and 0.07 ng/ml, depending on the variants measured, allowing detection of MCs well below the WHO guideline for drinking water (1.0 ng/ml). Given the low detection limit, sample analyses without pre-concentration are possible (Fischer et al., [@B22]) In order to release the toxin, the samples were freeze-thawed and sonicated for 1 min in an ultrasonication bath. The procedure was repeated twice. The water samples were centrifuged for 15 min. The supernatant was filtered through a PVDF-syringe filter (0.45 μm), which has low protein-binding capacities. Fifty microliters of the filtrate was applied to the coated well plate, and the ELISA test undertaken as written in the manufacturer\'s descriptions. MC standards were carried along with each assay run (Fischer et al., [@B22]).

*Validation* In order to investigate if the sample preparation and handling was done correctly, water from the control site was spiked with the standard substances provided by the ELISA kit. Hundred microliters of each standard was mixed with 100 μl of the water and the same procedure followed as described above (Fischer et al., [@B22]), excluding the centrifugation step. The spiked sample from the control site was not centrifuged to be able to detect any matrix effects from substances that were not removed after the filtration step. However, there was no such effect detectable. With each run of the assay with the samples, two spiked samples from the control site with different concentrations were carried along to validate the test. These control samples were handled in the same way as the samples obtained from EGS sites.

Quantitative analysis of *ranunculus samples*
---------------------------------------------

*Ranunculus* samples from 17 EGS sites and one control site (the London Equestrian Centre) were analyzed for levels of ranunculin, which is hydrolyzed upon mastication to produce protoanemonin, a toxic lactone that is a known blistering agent and gastrointestinal irritant (Spoerke and Smolinske, [@B72]).

### Extraction

The extraction method used was adapted from the one developed by Bai et al. ([@B2]). Briefly, the frozen, lyophilized and ground plant material (aerial parts) was packed in a 2.5-cm diameter glass column and extracted with methanol. The methanol was then evaporated and the residue partitioned between 20 ml of chloroform and 20 ml of H~2~O. The aqueous fraction was washed several times with 20 ml of chloroform and then filled up to 25 ml with H~2~O. The resulting extract was kept in a fridge at 4°C.

### HPLC analysis

Quantification was achieved by HPLC with pure ranunculin, obtained from Prof. em. Dr. Michael H. Benn, University of Calgary, Canada, as external standard. The authenticity of ranunculin was checked using NMR (Bruker Avance 400 MHz, solvent MeOD, data not shown).

Twenty-one milligrams of ranunculin were dissolved in 20 ml of H~2~O and used as a reference (standard 1 -- concentration = 1.05 mg/ml). This standard solution was stored in the fridge at 4°C for 1 month and used later for HPLC. Another 25.4 mg of ranunculin were dissolved in 25 ml of H~2~O and used as a second reference (standard 2 -- concentration = 1.016 mg/ml). This reference was made immediately prior to performing HPLC. Calibration curves were established for HPLC analysis using the following concentration series:

Standard 1:

1.05 mg/ml

0.7875 mg/ml

0.525 mg/ml

0.2625 mg/ml

Standard 2:

1.016 mg/ml

0.762 mg/ml

0.508 mg/ml

0.254 mg/ml

The calibration curves with a coefficient of determination of 0.9997 and 0.9995 were used to calculate the ranunculin concentration as the linear coherence was very high, so that the error terms were almost 0. The regression line fits the data. Since ranunculin tends to eliminate glucose following no calculable scheme, it was necessary to use the sum of ranunculin and the aglycon to get representative results (see **Additional File 2** in Supplementary Material for the areas corresponding to the concentration series obtained from HPLC for standards 1 and 2).

The samples were analyzed at 210.3 nm (the detection wavelength) on a Waters 600 system (Controller, Waters 717 plus Autosampler, Waters 996 Photodiode Array Detector) with Empower Pro. The analytical column was a LiChroCART^®^ 250-4, LiChrospher^®^ 100 NH~2~ (10 μm, Merck, Darmstadt, Germany), the guard column a LiChroCART^®^ 4-4, LiChrospher^®^ 100 NH~2~ (5 μm, Merck, Darmstadt, Germany). Each sample was analyzed in triplicate using acetonitrile -- H~2~O (9:1) as a mobile phase. The flow rate was 2.0 ml/min and the injection volume 40 μl.

### Statistical analysis of ranunculin content

Ranunculin content of *Ranunculus* samples from EGS sites was compared with control site samples using the two sample *t*-test assuming non-equal variances, with the confidence level set at 95% (i.e., *p* \< 0.05).

Results
=======

Edaphic and herbage metal and non-metal element levels
------------------------------------------------------

Soil and herbage samples from 23 EGS sites (see Table [2](#T2){ref-type="table"} for mean and range of number of EGS cases; case details can be found in **Additional File 3** in Supplementary Material) and 11 control sites (0 cases) were analyzed for levels of metals and non-metal elements. Additional site details can be found in **Additional File 4** in Supplementary Material. See **Additional File 5** in Supplementary Material for the detailed results of metal/non-metal element levels used to perform statistical analyses. Locations of sites are shown in Figure [1](#F1){ref-type="fig"}.

###### 

**EGS case statistics**.

  No. EGS cases per site     
  -------------------------- -------------
  Mean                       3.913043478
  Standard error             0.899962765
  Median                     2
  Mode                       2
  Standard deviation         4.316069798
  Sample variance            18.6284585
  Kurtosis                   8.495940372
  Skewness                   2.68040656
  Range                      19
  Minimum                    1
  Maximum                    20
  Sum                        90
  Count                      23
  Confidence level (95.0%)   1.866410543

![**EGS and control site locations**. EGS (black/circle) and control (red/square) sites where samples collected.](fphar-01-00122-g001){#F1}

Compared to control sites, EGS sites had significantly (*p* \< 0.05) different levels of iron, lead, arsenic, chromium, and mercury in the herbage. While iron, lead, arsenic, and chromium were elevated in samples from EGS sites (see Figures [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}), the converse was true of mercury. Significant difference was demonstrated using both the *t*-test and Mann--Whitney test for iron, lead, chromium, and mercury, strongly supporting these results; but only the *t*-test showed significance for arsenic.

Near significance was demonstrated using the Mann--Whitney *U* test for both aluminum and nitrate nitrogen (see Figure [2](#F2){ref-type="fig"}), and the lack of significance at the 95% level in these cases may be attributed to a type II error due to small sample size. Significant/near significant results for herbage are shown in Table [3](#T3){ref-type="table"}.

![**Herbage total iron and nitrate nitrogen**. Herbage total iron and nitrate nitrogen (mg/kg) per site (EGS and controls).](fphar-01-00122-g002){#F2}

![**Herbage total arsenic, chromium, and lead**. Herbage total arsenic, chromium, and lead (mg/kg) per site (EGS and controls).](fphar-01-00122-g003){#F3}

###### 

**Herbage significant differences between EGS and control sites. Significance (95% confidence level/*p* \< 0.05)/near significance between EGS and control herbage samples were found for the following analyses of element levels**.

  Element     *t*-Test (*p*-value)   Mann--Whitney test (*p*-value)   EGS mean (mg/kg)   EGS standard deviation   EGS range   Control mean (mg/kg)   Control standard deviation   Control range
  ----------- ---------------------- -------------------------------- ------------------ ------------------------ ----------- ---------------------- ---------------------------- ---------------
  As          0.006                  Not sig.                         0.87               1.22                     4.19        0.16                   0.10                         0.31
  Al          Not sig.               0.062\*                          691                675.5                    1569        197                    188.64                       577
  Cr          0.002                  \<0.001                          2.19               2.67                     10.9        0.28                   0.271                        0.7
  Fe          0.004                  0.002                            1818               2391.51                  8102        330                    224.54                       692
  Pb          0.003                  0.026                            3.94               4.2                      13.65       1.08                   1.05                         3.6
  Hg          0.004                  \<0.001                          0.038              0.04                     0.19        0.068                  0.117                        0.41
  Nitrate N   Not sig.               0.063\*                          759                1049.26                  4096.9      310                    738.75                       2517.9

\**Near significance at the 95% confidence level*.

There was no statistically significant difference between EGS and control herbage samples in levels of the other metals and non-metals measured (i.e., phosphorus, calcium, magnesium, potassium, sulfur, manganese, copper, zinc, boron, nickel, and cadmium), using either the *t*-test or Mann--Whitney *U* test. Figures demonstrating means and standard errors of element levels found in herbage samples from EGS sites compared to controls are shown in **Additional File 6** in Supplementary Material.

There were significantly (*p* \< 0.05) higher levels of both ammonium nitrogen levels and total nitrogen (i.e., nitrate nitrogen plus ammonium nitrogen) in soil samples collected from EGS sites in comparison with control sites using the *t*-test (see Figure [4](#F4){ref-type="fig"}), but there was no significant difference for pH or other soil metals and non-metals statistically analyzed using this method. The Mann--Whitney *U* test showed no significant statistical difference between EGS sites and control sites with any of the soil sample analyses. Figures demonstrating means and standard errors of element levels found in soil samples from EGS sites compared to controls are shown in **Additional File 7** in Supplementary Material.

![**Soil nitrogen. Soil nitrate nitrogen and ammonium nitrogen (mg/kg) per site (EGS and controls)**.](fphar-01-00122-g004){#F4}

Potential botanical factors
---------------------------

Toxic plant species were found at every EGS site visited. *Ranunculus* spp. (buttercups) were the only toxic plants found at all 23 EGS sites visited in this study (and at 9 of 11 control sites), and, therefore, these samples were investigated further phytochemically (see below). *Senecio jacobaea* (ragwort) was found on 12 of the EGS sites (and on none of the control sites). Ragwort is well known for its deleterious effect on horses, due to the hepatotoxic pyrrolizidine alkaloids (Craig et al., [@B15]). Other toxic species found at some of the EGS sites included: *Pteridium* spp. (bracken) and *Equisetum pratense* (horsetail), which both contain thiaminase, an enzyme that destroys thiamine (vitamin B1), resulting in a neurotoxic syndrome (Evans, [@B21]); *Rumex* spp. (dock species), which contain oxalates that bind to calcium, thus causing hypocalcaemia (Panciera et al., [@B62]); *Vicia sativa* (common vetch), which contains a neurotoxin that may be responsible for lathyrism observed in humans (Ressler, [@B68]); and *Digitalis purpurea* (foxglove), which contains cardiac glycosides (Cooper and Johnson, [@B13]).

Potential toxic grass species found growing in EGS sites included *Lolium perenne* (perennial ryegrass), which contains alkaloids including peroline, that is mildly toxic to mice and may cause facial eczema in cattle that ingest it, and may be considerably more toxic if infected with particular species of endophytic fungi (Duke, [@B18]). *L. perenne* is also a known facultative metallophyte, and accumulates metals in its tissues (Bidar et al., [@B4]). *Agropyron repens* (couch grass), also found in EGS sites, produces agropyrene, a broad-spectrum antibiotic and fungicide (Newell et al., [@B53]), and other allelopathic compounds including the flavonoid tricin (Friebe et al., [@B25]) and is a known heavy metal accumulator (Brej, [@B7]).

### Ranunculus spp.: total ranunculin content

*Ranunculus* spp. (buttercups), found at all 23 EGS sites, were abundant in the majority of these, making (accidental) ingestion by horses highly plausible. Horses were observed grazing amongst *Ranunculus* plants at some of the sites during sampling, and a few horse owners had reported blistering or photosensitization on the muzzles of their animals, which could indicate contact with these plants (Prieto et al., [@B67]). The main species found was *Ranunculus repens*, although *R. bulbosus* and *R. acris* were also found on some of the sites. Analysis of extracts with HPLC showed considerable variation in the content of ranunculin. Compared to controls, samples from nine EGS sites had elevated levels of ranunculin, five of which had levels double that found in control samples, but others had lower levels (see Figure [5](#F5){ref-type="fig"}). However, the *t*-test demonstrated that overall significantly higher levels of ranunculin (*p* \< 0.05) were found in the EGS samples compared with controls (see **Additional File 8** in Supplementary Material for summary data and statistics). Figure [6](#F6){ref-type="fig"} shows mean ranunculin levels of EGS site samples compared to controls.

![**Buttercup ranunculin content**. Levels of ranunculin from EGS site *Ranunculus* samples compared with control samples (C1--C3). Note EGS site 19\* sample freeze-dried after 2 months of storage in the freezer at −20°C; EGS site 19 sample freeze-dried immediately after collection.](fphar-01-00122-g005){#F5}

![**Ranunculin levels (means)**. Chart showing means of ranunculin content from EGS site Ranunculus *samples compared to controls. Note that ranunculin is significantly higher* (p \< 0.05) in EGS site samples.](fphar-01-00122-g006){#F6}

Water sample analysis, cyanobacteria
------------------------------------

Samples collected from EGS site water sources, including local streams or troughs (some of which exhibited algal blooms), were investigated for presence of cyanobacteria and the cyanobacterial toxin, MC. Initially, samples were studied under a light microscope and compared to cell samples from *Anabaena* and *Synechocystis 6803*. Several methods were assessed (including pigment analysis with spectrophotometry and thin layer chromatography), but did not allow the detection of any cyanobacteria constituents). An ELISA was used to measure presence of MC, validated using spiked samples, and none was detected in any of the samples tested (EGS2-3, EGS5-16, EGS18-19), i.e., the concentration was below the detection limit of 0.1 ng/ml.

Discussion
==========

The potential involvement of hitherto poorly known environmental agents in the causation of EGS has initially been based on clinical observations and epidemiological studies that have demonstrated seasonal, geographical, and pasture-related correlations with the disease (Wylie and Proudman, [@B86]). However, the specific factors responsible had previously not been identified. The relatively low annual number of cases and reliance on owner-based case reporting after horses have fallen ill also complicate study design and realization. The aim of this study was to compare levels of potential environmental toxins between premises with confirmed cases of EGS and control sites in which no cases had been reported. The data from the sites examined demonstrate statistically significant differences between levels of iron and some heavy metals (lead, mercury, and chromium) in *herbage* collected from EGS sites in comparison to control sites. In addition, statistically significant differences in levels of potential nitrogenous and botanical toxins between EGS and non-EGS premises were also observed.

Heavy metals are well known as being deleterious to health and neurotoxic (Carpenter, [@B9]; Järup, [@B37]). Exposure to lead also induces oxidative stress through production of reactive oxygen species (ROS, Hsu and Guo, [@B32]). Acceptable upper limits are set in food for human consumption by regulatory bodies, including the European Commission and UK Food Standards Agency. For lead, this upper limit depends on food type, and varies between 0.1 mg/kg (in vegetables) and 1.5 mg/kg (in bivalves) (EC Commission, [@B19]). Lead levels in herbage at 12 of the EGS sites, but only two of the control sites, exceeded 1.5 mg/kg. All (both EGS and control) herbage samples exceeded the upper limit set for cereals of 0.2 mg/kg. The higher lead levels in herbage from EGS sites may have implication for any livestock grazed on it that are for human consumption. Based on an average horse (500 kg) consuming 11.5 kg of pasture dry matter per day, with a dry matter mean of 21% and lead level mean of 3.94 mg/kg in herbage from EGS sites, horses on these sites would consume about 216 mg of lead per day. The fatal dose for horses is 2.4 mg Pb/kg body weight/day (Palacios et al., [@B61]). Also, the near significant finding of elevated aluminum levels in herbage from EGS sites compared with control sites is interesting, since aluminum has been shown to have a pro-oxidant effect and to act as a neurotoxin (Nehru and Anand, [@B52]).

While levels of mercury were significantly higher in control sites compared to EGS sites, levels were low (\<0.1 mg/kg) in all but two sites sampled, and therefore unlikely to be implicated as either an etiological or protective factor for EGS.

Horses on EGS sites are likely to be subjected to iron overload. Since iron acts as a pro-oxidant, releasing free radicals it contributes to oxidative stress and cellular damage, and impairs immune function (Walker Jr. and Walker, [@B81]; Valko et al., [@B80]). Iron loading has been implicated as a risk factor in sudden infant death syndrome of humans, also associated with pathogenic bacteria, including *C. botulinum* and *C. perfringen*s (Weinberg, [@B83]), the same bacteria associated with EGS. Where post-mortem results were available from horse owners in this study, these indicated presence of pathogenic clostridial bacteria in the horses that died from EGS. Another study looking at gastrointestinal effects of oral administration of ferrous sulfate on rats demonstrated histopathological lesions and increase in fecal *C. perfringens* toxin after treatment with a high dose of FeSO~4~, and strong impact on fecal flora after FeSO~4~ was administered repeatedly at lower doses (Benoni et al., [@B3]).

Although it is commonly known that excess iron in the diet can cause constipation in humans (for example it is a common side-effect of iron supplementation routinely prescribed in pregnancy; Paesano et al., [@B59]), there have been surprisingly few studies specifically investigating the impact of iron on mammalian gastrointestinal motility (e.g., De Ponti et al., [@B16]; Nasu et al., [@B51]). The higher levels of heavy metals found in herbage from EGS sites may inhibit gastrointestinal motility. Studies in isolated guinea-pig ileum have demonstrated that heavy metal ions such as cadmium and lead inhibit K^+^-induced contraction to an even greater degree that ferric or ferrous iron (Nasu et al., [@B51]). Inhibition of gastrointestinal motility could potentially result in an increase in anaerobic bacterial levels in the gut (Garrett et al., [@B26]).

The near significant higher levels of nitrate observed in EGS pasture is also compatible with possible involvement in EGS etiology. It has been demonstrated in humans that nitrates decrease autonomic nervous activity, leading to inhibition of gastrointestinal motility (Nomura et al., [@B55]). It has also been shown that gastrointestinal bacteria generate nitric oxide (NO) from nitrate and nitrite (Sobko et al., [@B71]), and NO is a key signaling molecule involved in regulation of gut motility (Stanek et al., [@B74]).

It is known that decreased gastrointestinal motility in EGS cases can be partly accounted for by degeneration of cholinergic neurones in enteric plexi, with the resulting reduction in release of acetylcholine neurotransmitter (John et al., [@B38]) and free radical generation leading to neuronal death (Götz et al., [@B29]). Herbage from EGS sites had reduced antioxidant and weak pro-oxidant activities compared with controls (McGorum et al., [@B44]). Horses suffering from EGS had altered levels of several antioxidants, consistent with oxidative stress. While levels of some antioxidants were lower in EGS sites, vitamin C levels were elevated (McGorum et al., [@B45]), which is of interest, since vitamin C is required for iron absorption (Hallberg et al., [@B30]). Consequently, iron may be partly responsible for the histopathology observed in EGS cases. As far as is known, no studies have measured iron or lead concentrations in histopathologic sections of the enteric plexi (or peripheral tissues) in EGS versus control cases, a topic that requires veterinary investigation. However, impacted ingesta in the horse gastrointestinal tract of EGS cases are typically black-coated (Hudson and Pirie, [@B35]), and analysis of serum from EGS cases have demonstrated elevated levels of bilirubin (Marrs et al., [@B41]) which could indicate excessive ingestion of iron in the diet. Freely available iron (such as in fully saturated transferrin or free hemoglobin) will also greatly enhance bacterial virulence (Weinberg, [@B82]; Bullen et al., [@B8]).

Daily pasture intakes of horses are variable, influenced by abundance, structure, quality of plant resources, and individual preferences (Edouard et al., [@B20]). It is estimated that a horse consumes between 1.5 to 3.1% of its body weight in pasture dry matter per 24-h period (Dowler and Siciliano, [@B17]). Based on an average 500 kg horse grazing out 24 h per day, the horse will consume between 7.5 and 15.5 kg dry matter from pasture per day. With a dry matter mean of 21%, and total iron mean of 1818 mg/kg in EGS herbage samples, an average horse which consumes 11.5 kg of dry pasture per day will potentially have an intake of 100 g of iron per day, which is far in excess of the estimated dietary maintenance requirement for iron in a horse of 40 ppm (Aiello, [@B1]). The consistently very high or excessive levels of herbage iron levels found in the EGS sites is, to our knowledge, a new, highly relevant factor in EGS etiology.

There was little difference between metal and non-metal levels in the *soil* samples collected from EGS and control sites. The apparent lack of association between levels of metals in soil and herbage samples can be explained partly by the fact that availability of metals in the soil is influenced more by pH than total metal content. Increasing acidity results in greater release of nitrates, phosphates and heavy metals in the soil making them bioavailable to plants. Iron is more bioavailable at pH 6 than pH 8, since in alkaline conditions the bulk of ions are in trivalent form, but with increasing acidity a greater proportion are converted to the reduced form which is readily taken up by plants (Forbes and Watson, [@B23]). While no difference was seen between soil pH levels from EGS and control site samples, only six of all soil samples were neutral or alkaline. This concurs with an earlier study that found that the majority of soils from EGS sites were acidic (McCarthy et al., [@B42]). Other factors that influence bioaccumulation of metals include mycorrhizal fungi, and associated plant species, with some, including the grasses *Agropyron repens* and *Lolium perenne*, and white clover, *Trifolium repens*, known to accumulate metals in their tissues (Giasson et al., [@B27]; Bidar et al., [@B4]).

Spreading of sewage sludge (or burst sewage pipes/tanks as was the case in three of the EGS sites visited in this study), can produce mineral toxicities, as can accumulation of mine wastes (Forbes and Watson, [@B23]). At least two of the EGS sites were in close proximity to historic mine workings. Three other EGS sites visited were situated adjacent to busy motorways, and environmental studies have shown a correlation between number of vehicles and heavy metal concentrations in soils next to roads (Pagotto et al., [@B60]).

Ten of the EGS sites had soils recently disturbed (either by building-work, pipe-laying, harrowing, mole casts etc.), prior to an EGS case occurring, and soil disturbance has been highlighted as a risk factor in a previous epidemiological study, linking this with an increased rate of exposure of grazing horses to *C. botulinum* (Newton et al., [@B54]). Only 5 of the 23 EGS sites had none of these factors (i.e., notable soil disturbance, sewage spillage, or proximity to motorway/known mine workings).

Buttercups were the only toxic plant species found consistently and in abundance at each EGS site, and it is known that protoanemonin, a lactone produced after ranunculin is hydrolyzed upon mastication, is a known blistering agent and gastrointestinal irritant. Protoanemonin has also been shown to exhibit anti-bacterial and anti-fungal properties (Mares, [@B40]), and therefore, may impact on an equid\'s gastrointestinal flora. Abiotic stresses may increase protoanemonin levels in Ranunculaceae (Bonora et al., [@B6]). Therefore, it is possible that high levels of iron or other metals in the soil may result in higher levels of protoanemonin in *Ranunculus* species. However, no data are currently available on a possible correlation between available soil iron levels and levels of ranunculin, although significantly higher levels of ranunculin were found in EGS site *Ranunculus* samples compared to controls. As the seasonal nature of EGS corresponds with the flowering period of *Ranunculus* species, when the plant is more likely to have higher levels of phytoalexins, including ranunculin/protoanemonin, further investigation into the possible role of buttercups in EGS etiology is currently being undertaken using a metabolomic approach.

It has been postulated that toxins produced by cyanobacteria, most notably MC (Mez et al., [@B46]) might be associated with cases of avian botulism and EGS (Murphy et al., [@B50]). A more recent study has shown that freshwater algae species exhibit an anticholinergic effect, which would affect the autonomic nervous system and lead to lowered gastrointestinal motility (Pérez Gutiérrez and Vargas Solís, [@B63]). Lack of presence of cyanobacterial toxins in EGS site water samples collected in this study indicates that a link between cyanobacteria and EGS is unlikely, and therefore can be excluded as a causative factor in EGS. Weather conditions that favor bacterial blooms and outbreaks of EGS also do not correspond.

Conclusions
-----------

In conclusion, this study has highlighted important new factors likely to be involved in EGS etiology: the significantly higher levels of iron, lead, and chromium found in herbage growing in EGS sites, in addition to toxic plant species, notably *Ranunculus* spp., suggest that some of the symptoms observed in EGS cases may be the result of ingestion of herbage from these sites. Based on this study, EGS appears to have a multi-causal origin, which makes it difficult to assess using standard epidemiological tools. A combination of a detailed ecological study of EGS sites with an assessment of the toxin levels in known toxic plant species clearly offers the best strategy in order to predict the risks of EGS cases occurring in areas where this disease is endemic. This study also lays the foundation for novel approaches to prevent EGS and for treating affected horses.
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